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The IceCube Neutrino Observatory

• IceCube focuses on neutrinos  
with energies above a  
few hundred GeV 
• 1 km3 of Antarctic ice  

as neutrino target and  
Cherenkov medium

• 86 strings of 60 DOMs

• DeepCore provides  
increased effective  
volume at 10-100 GeV

• Focus on dark matter 
searches, neutrino  
oscillations



DOM, Dissected

• Onboard capture of PMT 
waveforms

• 300 MS/s for 400 ns with 

custom ATWD chip (SCA)

• 40 MS/s for 6.4 µsec with 

commercial ADC


• Absolute timing < 2 ns (RMS)


• Dynamic range ~1000 p.e./10 ns


• Noise rate ~600 Hz (underlying 
Poisson rate 260 Hz)


• DOM electronics dead time < 1%


• Survival rate: 98.5%





Digital Optical 
Module Installation

• Melt a hole in the ice with high-
pressure hot water “drill”

• 65 cm diameter, 2.5 km deep

• Maximum lateral drift ~1 m


• Attach 60 DOMs to a kevlar-
reinforced power and 
communications cable

• Run FINAL acceptance tests

• Lower into the hole over the 

course of about 10 hours


• Wait a few weeks(!) for the hole to 
refreeze completely



IceCube DeepCore

• A more densely instrumented region 
at the bottom center of IceCube

• Eight special strings plus 12 

nearest standard strings

• Hamamatsu high Q.E. PMTs

• String spacing ~70 m, DOM 

spacing 7 m: ~5x higher effective 
photocathode density than 
IceCube

• In the clearest ice, below 2100 m

• λatten ≈ 45-50 m, very low levels of 

radioactive impurities

• IceCube provides an active veto 
against cosmic ray muon background
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DeepCore Physics

• Dark matter searches

• Primarily sensitive to WIMP masses above ~50 GeV/c2 due to energy threshold

• Solar WIMP annihilation: Phys. Rev. Lett. 110, 131302 (2013)

• Dwarf galaxies: Phys. Rev. D88, 122001 (2013)

• Galactic Halo: arXiv:1406.6868, submitted to Eur. Phys. J. C


• Direct searches for exotic particles

• E.g. monopoles: arXiv:1402.3460, Eur. Phys. J. C (in press) 

• Measurement of atmospheric electron neutrino spectrum

• First measurement above 50 GeV: Phys. Rev. Lett. 110, 151105 (2013)


• Measurement of atmospheric neutrino oscillations

• First IceCube observation: Phys Rev. Lett. 111, 081801 (2013)

• Improved analysis with reduced energy threshold and two-dimensional data fit greatly improves 

precision – arXiv:1410:7227, Phys. Rev. D in press
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Neutrino Mixing

• Pontecorvo-Maki-Nakagawa-Sakata matrix describes mixing 
between neutrino flavor eigenstates and mass eigenstates 

• Analogous to CKM matrix for quarks
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xx=

Potential CP violation ~ θ13 (sij = sin θij   cij = cos θij)

atmospheric reactor/beam solar



Neutrino Flavor Oscillations

• Neutrinos are produced in flavor eigenstates, but propagation 
through space depends on the Hamiltonian and thus the mass

• The three mass components of each flavor eigenstate propagate at 

different speeds, leading to interference between the flavor components of 
each mass eigenstate


• Can calculate the survival probability of each flavor:

P↵!↵ = |h⌫↵|⌫↵(t)i|2 Algebra! Pµµ � 1� sin2 2� sin2

�
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Oscillation Physics with Atmospheric Neutrinos

• Neutrinos available over a wide range of energies and baselines

• Oscillations produce distinctive  

pattern in energy-angle space

• Control systematics using  

events in “side band” regions  
– trade statistics for 
constraints on systematics


• Effectively, a range of near 
to far beams rather than  
near and far detectors


• Need a large detector to  
provide sufficient statistics 
for this approach to work

~12,700km
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Oscillation Physics with Atmospheric Neutrinos

• Atmospheric νμ survival  
minimum at ~25 GeV for 
baseline length equal to 
Earth diameter


• Event rates (trigger level,  
Eν ≳10 GeV):

• !μ ~ 70k / year

• !e ~ 11k / year


• Analysis efficiencies increasing 
from ~1% in first analysis to  
~20% in coming studies 
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Atmospheric Oscillations – First Steps

Two energy slices instead of 2D energy-angle analysis; minor modifications to standard 
TeV event selection and reconstruction algorithms


Statistically significant angle-dependent suppression at low energy, high energy sample 
provides constraint on uncertainties in simultaneous fit


• Shaded bands show range of uncorrelated systematic uncertainties; hatched regions 
show overall normalization uncertainty
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energy sample was 8�, roughly independent of direction216

and only slightly degrading with decreasing energy. The217

angle between the neutrino and the muon produced in a218

charged current interaction amounts to about half of the219

measured zenith resolution, the balance of which is due220

to reconstruction uncertainties.221

We tested for an oscillation signal by evaluating the222

combined �2 for histograms of the cosine of the recon-223

structed zenith angle for both the high-energy and the224

low-energy sample. A bin size of 0.1 resulted in twenty225

bins. Systematic uncertainties, considered via the co-226

variance matrix �ij , give �2 =
P

ij RiRj�
�2
ij . Here, Ri is227

the di↵erence between the expected and measured rate228

in bin number i. The covariance matrix is defined as229

�2
ij = �ijuiuj +

P
k c

k
i c

k
j and depends on uncorrelated230

(statistical) errors (ui) in each bin as well as on correlated231

(systematic) errors (cki = nstd
i � nsyst,k

i ). This approach232

implies the linear additive superposition of systematic233

errors. The term nsyst,k
i is the expected event rate in234

bin i after modification of the kth systematic source of235

error by 1�, and nstd
i is the default expectation in the236

same bin [8]. Hence, the o↵-diagonal elements of the co-237

variance matrix reflect the bin-to-bin correlations of the238

systematic uncertainties, as expected. A set of sources of239

systematic uncertainties were considered explicitly and240

propagated by Monte Carlo simulation to the final selec-241

tion level. Included are the absolute sensitivity of the242

IceCube sensors (±10%) and the e�ciency of the more243

sensitive DeepCore DOMs relative to the standard Ice-244

Cube DOMs (1.35± 0.03), the optical parameters (scat-245

tering, absorption) of the ice as a detector medium where246

the uncertainty is estimated by the di↵erence of the op-247

tical parameters obtained by the extraction methods [9]248

and [10]. An additional systematic uncertainty for this249

analysis is associated with the atmospheric neutrino flux250

expectation given by [11]. Recent measurements of the251

spectrum of charged cosmic rays in the energy range 200252

GeV to 100 TeV (e.g. [12]) indicate a flatter cosmic ray253

spectrum than that assumed in [11]. To reflect these254

new measurements we adjusted the neutrino spectrum255

by hardening the spectral index by 0.05. Around this256

expectation we considered uncertainties in the absolute257

normalization (±25%), the spectral index (±0.05) as well258

as the di↵erence between the calculations by [11] and [13]259

for ⌫µ and for ⌫e.260

The �2 was evaluated for two di↵erent physics hy-261

potheses: a standard oscillation scenario with the world262

average best fit parameters [14], and the non-oscillation263

scenario. The predicted zenith angle distributions for264

both hypotheses are shown in Fig 2 together with the265

data. We note good agreement between predictions266

and data in both low- and high-energy (reference) sam-267

ples. With ��2 = 30 between these hypotheses, a non-268

oscillation scenario is rejected with a p-value of 10�8 or269

5.6�. The significance was evaluated with a toy Monte270

Carlo to account for deviations from a �2 distribution271

Systematic uncertainty pull [std. deviations]
DOM e�ciency 0.32
Ice model -0.12
Atm. flux model -0.59
Normalization -0.82
CR index / cross section 0.42
Relative e�ciency of DeepCore DOMs -0.01
Normalization of ⌫e -0.53

TABLE I. Pulls on the systematic uncertainties at best fit
value of �m2

23 = 2.3 · 10�3eV2 and sin2(2✓23) = 1.

since neither assumed hypothesis necessarily corresponds272

to the �2 minimum.273

274

275

FIG. 2. Data and Monte Carlo expectation at world aver-276

age oscillation parameters (sin2(✓23) = 0.995 and �m2
23 =277

2.39 ·10�3eV2) [14] and at the non-oscillation scenario for the278

low-energy sample and for the high-energy sample. For illus-279

tration purpose, systematic uncertainties are split into a fully280

correlated (”norm”) part and an uncorrelated (”shape”) part.281

Both components are indicated by shaded error bands.282

The �2 was also evaluated as a function of the oscil-283

lation parameters, using the pull method outlined in [8].284

The parameters considered as sources of systematic un-285

certainty in the Monte Carlo prediction were fitted si-286

multaneously with the oscillation parameters. The ex-287

pected zenith angle distribution at best fit (oscillation288

parameters and systematic uncertainties) are shown in289
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Phys. Rev. Lett. 111, 081801 (2013)

N.B.: global-best oscillations (not fit to data)



Atmospheric Oscillations – 2nd Generation

• Three years with improved  
event selection

• Increased from ~700 to  

~1,500 events per year


• Energy threshold reduced 
below 10 GeV – see most 
of first oscillation minimum


• First specialized low- 
energy reconstructions,  
enabling use of multiple  
energy bins in oscillation  
energy range

arXiv:1410.7227arXiv:1410.7227, Phys. Rev. D in press



Atmospheric Oscillations – 2nd Generation
arXiv:1410.7227



Systematics  
and Priors

• Priors are implemented as 
Gaussian weights in global 
likelihood

• Fit jointly with parameters of 

interest (θ23 and Δm2
atm)


• Non-analytic parameters 
treated by bin-wise quadratic 
interpolation with Gaussian 
weights


• νN interaction uncertainties 
subdominant, ~linear above 
7 GeV (~97% of sample)


• All posterior values are 
consistent with expectations

Parameter Prior width
Atm. µ background norm. none

Atm. νµ flux norm. none
 Atm. νe/νµ ratio ±20%

Atm. ν spectral index ±0.04
π/K ratio ±10%
sin2(2θ13) ±.008

DOM efficiency ±10%
Rel. eff. of HQE DOMs ±3%

Bulk ice model two models
Hole ice scattering  ±0.01 cm–1

Cross section model GENIE vs. Gazizov
DIS cross section ±5%

DIS energy dependence ±0.03
mA (QE) +25%/-15%

mA (resonant) ±20%
Hadronic energy scale ±5%
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Modeling Atmospheric Muon Background

• Computationally infeasible to produce sufficient sample of 
simulated muons (~109 rejection efficiency) – even setting aside 
accuracy issue


• Instead, invert muon veto – use sample of apparent neutrino events 
with 1-2 PEs detected in outer layers of IceCube

17
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FIG. 2. Zenith angle distributions of neutrino simulation and atmospheric muons derived from data for three subsequent steps
in the event selection with increasing veto cuts. To go from the first to the second panel the veto cut which uses a muon track
hypothesis is applied. A cut on the charge observed above and prior to the trigger is used to go from the second to the third
panel. A comparison is also made to a 10 % control sample of the data. The small excess in the data around cos ✓z ' 0.3 in the
first panel are atmospheric muons that could not be tagged. Note that the region cos ✓z > 0 is not used in the final analysis of
the data.

trigger the detector at a rate 105 times higher than the183

⌫

µ

CC rate, which itself is three times higher than the184

combined rate of all other neutrino interactions.185

Muons from cosmic ray showers are generated using186

the CORSIKA package [24]. The atmospheric neutrino187

simulation follows the flux predicted by Honda et al [25],188

while neutrino-nucleon interactions in ice are simulated189

using the GENIE software [26]. Muons are propagated190

according to the parameterization presented in [27], while191

all other particles are passed to the Geant4 package [28].192

III. EVENT SELECTION193

The event selection, described in detail in [29], has the194

goal of identifying events that start in the detector vol-195

ume with a clear muon track to reduce the background.196

To avoid contamination from atmospheric muons, the197

data analyzed consists only of events reconstructed as198

passing through the Earth (cos ✓
z

 0). However, while199

atmospheric muons enter the detector only from above200

(cos ✓
z

� 0), the small probability of a mis-reconstruction201

combined with the large number of events detected re-202

sults in a significant pollution of the neutrino sam-203

ple. The event selection starts by rejecting atmospheric204

muons using the dedicated DeepCore trigger and filter205

[18].206

A. Rejection of atmospheric muon background207

The atmospheric muon background which remains af-208

ter the DeepCore filter is removed by searching for muon209

tracks that enter the DeepCore volume from outside and210

pass near the DOMs that triggered the detector. This211

uses the outer part of the DeepCore detector as an e↵ec-212

tive veto region, similar to that described in [30]. Atmo-213

spheric muon simulation is used to understand the basic214

characteristics of the background and develop methods215

to remove it. The statistics available are, however, not216

enough to provide a complete description of the back-217

ground at the final level of the analysis and detector data218

is used instead.219

In this analysis, cuts on the position of the earliest220

DOM involved in the trigger, the total charge observed221

in the DOMs above and prior to the trigger, the charge222

collected as a function of time (dQ/dt), and the num-223

ber of DOMs above threshold in a narrow time window224

[�150 ns,+250 ns] in coincidence with the photons ex-225

pected from an atmospheric muon hypothesis are applied.226

Events reconstructed with cos ✓
z

> 0 by a fast track re-227

construction algorithm [31] and a maximum likelihood228

reconstruction [32] are also tagged as atmospheric muons.229

The veto selection cuts reduce the atmospheric muons to230

similar rates as the neutrino events while keeping about231

40 % of the original muon neutrino sample.232

The last veto method listed, which uses a muon track233

hypothesis, is particularly sensitive to muons which enter234

the fiducial volume through the corridors formed by the235

detector geometry, leaving very little detected light. The236

number of photons observed in an event therefore de-237

pends primarily on its azimuth arrival direction, and is238

largely independent of the event characteristics inside the239

fiducial volume (with variations of less than 10 %). By240

selecting events above the noise threshold of the search,241

a sample of atmospheric muons which fulfill the quality242

criteria, outlined next, is obtained. These events are used243

to create the template for the muon background at the244

final selection level.245

Figure 2 shows the zenith angle distribution of a sub-246

sample of the data at three steps in the selection process,247

where the contributions from neutrinos and atmospheric248



Interaction vs. Flux Uncertainties

Juan Pablo Yáñez| SANTA Oscillations with PID|  Page 6

Assumed systematic uncertainties: energy

> Impact of the uncertainties, one sigma variations

 Might not hold for other samples and/or reconstructions

Track-like

Cascade-like
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Atmospheric Oscillations with IceCube

• Projection onto (L/Eν)  
for illustration


• Shaded range shows 
allowed systematics  
with constraints  
from current data

• Systematics-limited; 

but constraints on 
systematics are 
statistics-limited


• Second survival  
maximum just  
below DeepCore’s  
energy threshold

19
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IceCube Muon Disappearance Measurement

• Contours 
determined by 
profile likelihood 
of ∆m232, sin2(θ23)

• Other oscillation 

parameters fixed 
at Fogli et al. 
(arXiv:1205.5254)


• With IceCube, 
minimal sensitivity 
to hierarchy, 
octant

20
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Coming Attractions

• Current PRD analysis: 1,500 events per year (all flavors)

• O(1%) atmospheric muon background

• Targeted high quality events, well-reconstructed with simple low-energy algorithm


• Extension of PRD analysis: 5,000 events per year (all flavors)

• Include events with poorer resolution – don’t help map oscillation dip, but provide 

additional statistics for constraining systematics


• Parallel analysis: 20,000 neutrinos per year 

• New, very computationally intensive maximum-likelihood reconstruction

• Full-sky analysis for better handle on systematics

• Larger atmospheric muon background: ~8% upgoing (misreconstructed), ~35% 

downgoing (evaded veto)

22



Preliminary Monte 
Carlo Sensitivities

• Extension: retains high neutrino 
purity while improving 
constraints

• Improvements primarily in 

measurement of sin2(θ23)


• Parallel analysis: improved 
reconstruction and statistics 
while allowing higher 
background levels

• Improvements mainly to 

measurement of Δm2
atm


• Need to combine these 
approaches into a single 
measurement

Juan Pablo Yáñez| Multi-year IC86 oscillations: results |  Page 14

Fitting the 2 samples

> Using current cut values at 0.6 and 0.8 for SS and MS

 Sample 1 (original): 5300 events in 3 years

 Sample 2 (new): 10500 events in 3 years

All events

All uncertainties in

+Added cross section 
uncertainties (no impact)

preli
mina

ry
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Beyond IceCube

• With its DeepCore extension, IceCube has interesting results in indirect 
dark matter searches, neutrino oscillation measurements

• Primary limitation is energy threshold: second oscillation maximum, hierarchy-

dependent matter effects, low-mass dark matter just out of reach


• A further augmentation of IceCube DeepCore would provide an energy 
threshold low enough to enable a broader range of physics, including 
determination of the neutrino mass hierarchy

• Follow IceCube design closely: quick to deploy, low technical risk, moderate 

cost


• Also provide platform for more precise understanding of the ice

• Improved in situ calibration light sources, and emitter-detector baselines ≪ λscatt


• Would provide a benefit for both high energies and low energy physics

24



Neutrinos Antineutrinos

Normal 
hierarchy

Inverted 
hierarchy



PINGU

• Baseline detector consists of 40 additional strings of 60 Digital  
Optical Modules each, deployed inside the DeepCore volume

• Geometry optimization underway – additional DOMs have relatively low incremental 

cost – final proposal likely 80-96 DOMs/string

• 20-22 m string spacing (cf. 125 m  

for IceCube, 72 m for DeepCore)

• ~25x higher photocathode density

• Additional in situ calibration devices  

will better control detector systematics 
(not included in projected performance)


• Engineering issues and cost of  
deploying instrumentation are well 
understood from IceCube experience

• Can install ≥20 strings per season  

once underway X (m)
-100 -50 0 50 100 150 200

Y 
(m

)  

-150

-100

-50

0

50

100
Top view of the PINGU new candidate detector

IceCube
DeepCore
PINGU
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Atmospheric Neutrinos in PINGU

• Broad range of neutrino energies above a threshold of a few GeV
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IceCube Preliminary Contained 
events/yr Trigger Analysis

νe CC 52k 38k

νμ CC 86k 50k

ντ CC 6.4k 2.6k

νx NC 17k 7.9k



Signature of the Neutrino Mass Hierarchy

• Matter effects alter oscillation probabilities for neutrinos or 
antineutrinos traversing the Earth

• Neutrino oscillation probabilities  

affected if hierarchy is normal,  
antineutrinos if inverted


• Maximal effects at specific Eν 
and baselines (= zenith angles)  
due to the Earth’s density profile


• Rates of all flavors are affected

• Note: effect of detector  

resolution not shown here


• Distinct signatures observable 
in both tracks (νμ CC) and  
cascades (νe and ντ CC, νx NC)

νµ + νµ̅
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• Matter effects alter oscillation probabilities for neutrinos or 
antineutrinos traversing the Earth

• Neutrino oscillation probabilities  

affected if hierarchy is normal,  
antineutrinos if inverted


• Maximal effects at specific Eν 
and baselines (= zenith angles)  
due to the Earth’s density profile


• Rates of all flavors are affected

• Note: effect of detector  

resolution not shown here


• Distinct signatures observable 
in both tracks (νμ CC) and  
cascades (νe and ντ CC, νx NC)

νµ + νµ̅νµ + νµ̅ (CC)



• With full detector response included, distinctive (and quite different) hierarchy-
dependent signatures are still visible in both the track and cascade channels

• Particle ID based on tagging νμ CC tracks – 90% purity above ~10 GeV

• Lack of low-energy tracks due to decreasing ability to distinguish track from vertex 

cascade at lower energies

Hierarchy Signature

Events ID’d as cascades (νe, NC)Events ID’d as tracks (νμ CC)
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Analysis Improvements Underway

• Increased #DOMs/string to match baseline Gen2 High Energy design (marginal cost of DOMs is 
relatively small)


• Inclusion of additional detector-related effects on event reconstruction – appears minimal

• Uncertainties in optical properties of South Pole ice (e.g. anisotropic scattering)

• Injecting DOM-by-DOM calibration errors for sensitivity to Cherenkov photons, in addition to possible systematic 

errors in energy scale calibration (already included)


• Correcting Monte Carlo error in non-Poissonian noise levels in simulated PINGU DOMs


• Treatment of ν-N interaction uncertainties via GENIE instead of ad hoc scaling


• Detailed modeling of atmospheric flux uncertainties (per Barr et al. astro-ph/0611266) rather than 
simpler scaling of flux level and spectral index


• Validating treatment of atmospheric muon background


• Incorporating full suite of systematic uncertainties into likelihood-based significance estimates from 
ensemble of pseudo-data sets


• Updating priors on new and existing uncertainties
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Neutrino Interaction Uncertainties

• Biggest effects so far:  
uncertainties in Bodek- 
Yang higher twist 
parameters, axial mass 
term for hadron 
resonance production

• Ad hoc scalings still 

included, and covariance 
not accounted for –  
likely over-counting…


• Small additional 
effect compared to 
existing systematics

33
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Other Oscillation Parameters

• PINGU not sensitive to δCP – complementarity with NOvA, T2K


• Sensitivity to the mass 
ordering strongly  
dependent on θ23 octant

• Worst-case first octant 

solution assumed in  
performance studies


• Implies considerable 
ability to measure octant 
(not yet evaluated explicitly)


• Precision for θ23 and Δm2atm being evaluated, appears  
comparable to NOvA or T2K 2020 expectations

34

PINGU sensitivity to the NMH

True oscillation parameters
✓12 = 33.6�

✓23 = 38.7�, 51.3�

✓13 = 8.93�

�m2
21 = 7.54·10�5 eV2/c4

�m2
31 = -2.38·10�3 eV2/c4

�CP = 0
[based on Fogli et al.,

Phys.Rev. D86 (2012) 013012]

With baseline geometry, 3 � determination of mass hierarchy with
3.5 years of data (first octant)

I Combine track and cascade channels to obtain NMH significance
I Significance calculated using parametric response of detector from MC
I Verified to work using Full MC with a limited number of systematics

Optimization of detector geometry, improvement of analysis and refined
treatment of systematics in progress
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Tau Neutrino AppearanceOther atmospheric measurements: ⌫⌧ appearance
Expected sensitivity
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Assumes similar systematics as NMH

5� exclusion of no ⌫⌧ appearance after 1 month of data
10% precision in the ⌫⌧ normalization after 6 months

I Test of the unitarity of the ⌫ mixing matrix
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Preliminary

Preliminary

• Energy range of PINGU  
allows uniquely high 
tau neutrino rates

• Measure ντ appearance 

as characteristic  
distortion of cascade  
angular/energy  
distribution


• Interesting test of unitarity  
of 3x3 neutrino mixing

• Direct probe of Uτ3


• 10% precision on ντ appearance rate within a year
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IceCube-Gen2

• Planning underway for  
a multipurpose facility 
leveraging the experience  
and investment in IceCube

• White paper describing 

our vision of this 
detector at 
arXiv:1412.5106


• PINGU will be one 
component of  
IceCube-Gen2
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Cost and Schedule

• Primary US funding source for  
IceCube-Gen2 would be NSF

• MREFC-scale facility, total cost  

comparable to original IceCube

• Many items common to PINGU and  

other elements (drill, engineering, etc.)

• Marginal cost of PINGU within larger 

IceCube-Gen2 is $88M, with expected  
non-US contributions of $25M


• Gen2 conceptual design document and 
PINGU performance update this year


• In a technically limited timeline, PINGU 
completion possible by January 2021  
or 2022
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Cost for PINGU Component

Hardware $48M

Logistics $23M

Contingency $16M

Expected non-US 
contributions $25M

Total US Cost $63M
(elements do not sum to total due to rounding)
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Conclusions

• PINGU has a unique place in the world-wide neutrino program 

• Measurements at a range of higher energies/longer baselines, with high 

statistics


• Opportunity to discover new physics is greatly enhanced by 
PINGU’s complementarity with other experiments


• PINGU will be a natural part of the IceCube-Gen2 Observatory

• Closely based on IceCube technology – low technical and cost risk

• PINGU will use the same hardware as high energy extensions of IceCube –

common design gives flexibility to optimize based on progress of the field


• Focus today is on neutrino physics, but also interesting potential in 
searches for low mass dark matter and other exotica
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